Bioluminescent assays offungal ATP in cultures of Candida albicans exposed to tioconazole and ketoconazole demonstrated that intracellular ATP levels were directly related to cell viability. At high concentrations of drug, a fungicidal effect was indicated by a very rapid and heavy leakage of ATP and a simultaneous, dramatic decrease in intracellular ATP. This leakage was due to direct membrane damage, which was less pronounced after exposure to ketoconazole than to tioconazole. After exposure to lower imidazole concentrations, intracellular ATP indicated growth inhibition without significant leakage of ATP. These findings support the hypothesis that imidazole antifungal agents basically act in the same manner but at different concentrations.
Two modes of action have been suggested for the antimycotic imidazoles clotrimazole and miconazole (10, 11) , but not for ketoconazole (11) . At low concentrations, all imidazoles have a fungistatic action related to blocked ergosterol synthesis (11) . At high concentrations, clotrimazole and miconazole, but not ketoconazole, have a very rapid fungicidal action due to direct membrane damage, which is unrelated to blocked ergosterol synthesis (11 (13) .
The antifungal activity of antimycotics can be assayed by using a luciferase assay of ATP to determine viable fungal biomass (8) . We have previously shown that, in cultures of C. albicans exposed to econazole, intracellular ATP levels are directly related to viable-cell counts (1) and that agents causing damage to bacterial membranes cause a leakage of ATP into the medium. This leakage interferes with the determination of intracellular ATP; thus, procedures have been developed that selectively determine intracellular and extracellular ATP (7; L. Nilsson, Ph.D. dissertation, Linkoping University, Regionsjukhuset, Sweden, 1981) . In the present report, we have studied extracellular and intracellular ATP in C. albicans exposed to tioconazole and ketoconazole. The results were correlated with cell viability to further elucidate the mode of action of these drugs.
MATERIALS AND METHODS
Antifungal agents. Ketoconazole (Leo AB, Helsingborg, Sweden) and tioconazole (Pfizer, Inc., Sandwich, England) were each dissolved in 100% dimethyl sulfoxide (DMSO) to stock solutions of 10 mg/ml. Just before each experiment, working solutions were prepared in the medium to be used. (ii) Analytical reagents. ATP-monitoring reagent (LKBWallac) was used in the assay of ATP. Apyrase (purified grade I) (Sigma Chemical Co., St. Louis, Mo.) was used to eliminate extracellular ATP before the extraction of intracellular ATP. Other reagents were of analytical grade.
Intracellular ATP levels in cultures of C. albicans. Twofold serial dilutions of ketoconazole and tioconazole were prepared in appropriate test media (0.9 ml) and inoculated with a 10-fold dilution of the overnight culture (0.1 ml) giving a final yeast concentration of ca. 106 CFU/ml. Each experiment included a control culture that was not exposed to antifungal agents. The yeast cultures were incubated at 37°C with shaking, and intracellular ATP was determined by the following procedure.
(i) Elimination of extracellular ATP. A 50-,ul sample from the culture was incubated for 10 min at 37°C with 50 ,u of an apyrase solution consisting of 0.04% apyrase made up in YNB.
( Methylene blue uptake. The direct membrane-damaging effect of the imidazoles was tested by methylene blue uptake as described by Sud and Feingold (10) .
RESULTS
Relationship between intracellular ATP and cell viability in C. albicans cultures exposed to tioconazole. In tioconazoleexposed cultures of C. albicans H-29, intracellular ATP was compared with cell viability (CFU per milliliter) (Fig. 1 ).
Tioconazole gave a dose-dependent reduction of growth and exerted a fungicidal effect at 62.5 and 125 p.g/ml. At these concentrations, cell viability was reduced rapidly, and at 125 ,ug/ml, no viable cells were found and the intracellular ATP level was below the detection limit (10-10 M) after 5 Relationship between intracellular and extracellular ATP in C. albicans cultures exposed to tioconazole. A growth inhibition in C. albicans H-29 cultures exposed to tioconazole occurred at 7.8 to 31.2 p.g/ml (Fig. 2) . At 62.5 ,g of tioconazole per ml, the intracellular ATP decreased to below the starting level concomitantly with a dramatic increase of extracellular ATP. This indicates a correlation between ATP leakage and decreased cell viability.
Comparison of the antifungal effects of ketoconazole and tioconazole on ATP levels in C. albicans cultures. The intracellular ATP levels in C. albicans Y01/07 cultures increased 60-fold after 18 h of incubation (Fig. 3) . The high imidazole concentrations tested in this experiment necessitated the use of DMSO at a final concentration of 4%. This concentration of DMSO had little or no growth-inhibiting effect as demonstrated by cell viability and intracellular ATP (Fig. 3 and Table   1 ). In cultures exposed to <200 K.g of ketoconazole per ml, growth inhibition occurred (Fig. 3A) . At 400 K.g of ketoconazole per ml, the intracellular ATP levels and cell viability decreased to below the starting level, indicating a fungicidal effect (Fig. 3A and Table 1) .
A dramatic increase in extracellular ATP was demonstrated at 200 and 400 ,ug of ketoconazole per ml. The extracellular ATP levels in control cultures with and without DMSO (4%) were equal.
Tioconazole exerted a partial growth inhibition at .50 pLg/ ml and a fungicidal effect at -100 ,ug/ml ( Fig. 3A and Table  1) .
Membrane damage as demonstrated by methylene blue uptake (10) was tested. At high concentrations of ketoconazole (200 and 400 ,ug/ml), ca. 50% of the cells were stained, but in cultures exposed to 100, 200, and 400 ,ug of tioconazole per ml, 100% of the cells were stained. At lower concentrations, fewer cells were stained, and in control cultures with and without 4% DMSO, no cells were stained (Table 1) .
C. albicans decreased the pH of unbuffered YNB from 5.6 to 3.0 within 4 h of growth. If YNB was buffered with 0.1 M MOPS (pH 7.0), the pH was not significantly changed after 24 h of growth. Both ketoconazole and tioconazole had more pronounced antifungal activities in YNB buffered with MOPS than in unbuffered YNB (Fig. 3B and Table 1 ).
Kinetics of the ATP leakage from C. albicans exposed to ketoconazole and tioconazole. The leakage of ATP from C. albicans Y01/07 exposed to ketoconazole or tioconazole at Fig. 4 . High concentrations of tioconazole (37.5 and 75 ,ug/ml) caused very, rapid and extensive leakage, with maximum ATP levels reached within 15 min of exposure. The magnitude of the leakage was the same in the different buffers. At a lower tioconazole concentration (18.75 p.g/ml), the leakage was more pronounced in BR than in citrate phosphate and MOPS buffers. The magnitude of ATP leakage caused by ketoconazole was less than that caused by tioconazole.
In cultures not exposed to imidazoles and in those without leakage of ATP, less than 5% of the C. albicans cells were stained by methylene blue. At high concentrations of tioconazole (37.5 and 75 ,ug/ml), >50% of the cells were stained after 5 min of exposure, and the number increased to .90% within 20 min. A high concentration of ketoconazole (75 ,ug/ ml) caused l10% of the cells to become stained within 10 min in BR buffer, and the number increased with time to 50%.
DISCUSSION
In a study of interactions among antimycotics, the levels of ATP in fungal cultures were found to correlate with the amounts of viable fungal biomass (8) . However, in cultures exposed to subinhibitory concentrations of amphotericin B, increased cell membrane permeability gave higher ATP levels than those in drug-free control cultures (8) . These higher ATP levels might have been due to the accumulation of extracellular ATP. Thus, it is nece$sary to selectively determine intra-and extracellular ATP when membraneactive agents are investigated. In this study, extracellular ATP was eliminated by apyrase before the extraction and assay of intracellular ATP, and extracellular ATP was determined by adding luciferase reagent to untreated yeast cul-
tures.
The results in this and in a previous study (1) show that intracellular ATP levels are directly related to cell viability in cultures of C. albicans exposed to imidazole antifungal agents. Tioconazole caused a dose-dependent decrease in intracellular ATP in growing C. albicans cultures. Concentrations of the drug high enough to cause growth inhibition gave intracellular ATP levels between the starting level and the level of the unexposed control. At these concentrations, little or no accumulation of extracellular ATP was found. Higher tioconazole concentrations resulted in intracellular ATP levels below the starting level and a concomnitant accumulation of extracellular ATP. The tioconazole-induced membrane damage resulted in ATP leakage which was dose dependent up to a maximum level at which all cells were stained by methylene blue and cell viability was lost. A further increase in the tioconazole concentration did not raise the extracellular ATP level. In kinetic studies, maximnum extracellular ATP levels were reached within 10 tb 15 min of exposure to high concentrations of tioconazole. This rapid leakage, which does not require growth, supports the concept of Sud and Feingold that some imidazole antifungal agents are fungicidal at high concehtrations as a result of a direct membrane damage (10, 11) .
In the present study, we observed that ketoconazole exerted antifungal activities that were similar to those of tioconazole but only at higher concentrations of ketoconazole. The antifungal activity of ketoconazole was better in buffered (pH 7.0) than unbuffered (pH 5.6) YNB broth, which is consistent with other observations (6) . The ATP leakage induced by the imidazoles, and especially by ketoconazole, varied with the kind of buffer used. Differences in buffer composition might explain the differences in ATP leakage, since the addition of even very small amounts of divalent cations has been shown to inhibit leakage of extracellular constituents from C. albicans caused by miconazole (12) . Thus, test conditions greatly influence the in vitro activities of imidazole antifungal agents, which is a wellknown phenomenon (3) (4) (5) (6) 12) .
When the antifungal activities of imidazole antifungal agents are assessed, the possibility must be considered that the solvents used might themselves have some antifungal activity. The highest imidazole antifungal concentration tested in this report required DMSO at a final concentration of 4%. This concentration of DMSO had, in itself, little or no growth-inhibiting effect as indicated by cell viability and the intracellular ATP level. However, no membrane damage was demonstrated by leakage of ATP or by methylene blue uptake.
The present study shows, in contrast to that by Sud and Feingold (11) and by Beggs (2) , but in accordance with the study by Uno et al. (13) , that ketoconazole can exert a direct membrane-damaging effect on yeast cells. These findings support the hypothesis (13) that imidazole antifungal agents basically act in the same manner but at different concentrations.
Furthermore, the bioluminescent assay of ATP might also indicate two modes of action, as previously suggested (10, 11) . At low concentrations, intracellular ATP levels indicated growth inhibition, whereas at high concentrations, a fungicidal effect was indicated by a very rapid and extensive leakage of ATP with a concomitant, dramatic decrease in intracellular ATP.
